L umbar spinal instrumentation is a commonly performed surgical procedure, which is indicated for a variety of lumbar pathologies such as degenerative disease, trauma, tumor, and deformities. The main reason for the application of internal instrumentation is that it plays an essential role in establishing a mechanically stable environment to promote the formation of a fusion mass. There are various posterior fixation techniques used to assist in spinal fusion, among which the bilateral pedicle screw (BPS) technique is deemed to be the "gold standard" of instrumentation, providing rigid fixation and high fusion rates. 25 However, BPS fixation has some drawbacks as well, including a requirement for excessive paraspinal muscle dissection and retraction during instrumentation, as well as increased time and expense. 2, 9, 19, 22 Recently, unilateral pedicle screw (UPS) fixation has come into use for its reduced invasiveness, acquired good clinical outcome, and satisfying fusion rate, 5, 8, 26, 27 while biomechanical studies have revealed that, compared with bilateral fixation, UPS fixation allowed significant off-axis rotation, potentially detrimental to stability. 10, 12, 25 To preserve the reduced invasiveness of UPS fixation and overcome the shortcomings of insufficient strength, a hybrid fixation of UPS with a contralateral translaminar facet screw (UPSFS) has been applied in lumbar spinal surgeries. 15, 23 To the best of our knowledge, several studies have evaluated the biomechanical performance of this hybrid instrumentation technique.
L umbar spinal instrumentation is a commonly performed surgical procedure, which is indicated for a variety of lumbar pathologies such as degenerative disease, trauma, tumor, and deformities. The main reason for the application of internal instrumentation is that it plays an essential role in establishing a mechanically stable environment to promote the formation of a fusion mass. There are various posterior fixation techniques used to assist in spinal fusion, among which the bilateral pedicle screw (BPS) technique is deemed to be the "gold standard" of instrumentation, providing rigid fixation and high fusion rates. 25 However, BPS fixation has some drawbacks as well, including a requirement for excessive paraspinal muscle dissection and retraction during instrumentation, as well as increased time and expense. 2, 9, 19, 22 Recently, unilateral pedicle screw (UPS) fixation has come into use for its reduced invasiveness, acquired good clinical outcome, and satisfying fusion rate, 5, 8, 26, 27 while biomechanical studies have revealed that, compared with bilateral fixation, UPS fixation allowed significant off-axis rotation, potentially detrimental to stability. 10, 12, 25 To preserve the reduced invasiveness of UPS fixation and overcome the shortcomings of insufficient strength, a hybrid fixation of UPS with a contralateral translaminar facet screw (UPSFS) has been applied in lumbar spinal surgeries. 15, 23 To the best of our knowledge, several studies have evaluated the biomechanical performance of this hybrid instrumentation technique. 15, [23] [24] [25] However, most researchers only focused on single-level conditions, and the biomechanics of this hybrid technique at 2 levels have not been well characterized.
As the anatomy and biomechanics of 2-level lumbar spine disorders differ from those of 1-level disorders, it is better to investigate the biomechanical performance of these fixation techniques in 2-level conditions instead of simply extrapolating those in 1-level conditions. Therefore, the purpose of the current study was to make a biomechanical comparison of 3 different posterior fixation techniques-UPS, UPSFS, and BPS fixation-for 2-level lumbar spinal disorders. In addition, as the main scope of our study was to compare different fixation techniques, the discs of L3-4 and L4-5 were kept intact and cage-related fusions were not performed, to rule out the cages' extra stabilization effect on spinal motion segments. Although fixation without cage-related fusion is slightly different from clinical practice, it can make the comparisons more direct and not affected by cage-related factors.
methods

Specimen preparation
As 2-level lumbar spinal pathologies often involve L3-5 or L4-S1 clinically, we selected L3-5 as the object of study. Eight fresh-frozen human cadaver lumbar spines (4 from L-1 to L-5, 4 from L-1 to S-1) were obtained from the Human Anatomy Department of our University, including 3 female and 5 male specimens. The mean age of these cadavers was 44.5 ± 11.4 years old, ranging from 25 to 60 years of age. All spines were stored at -80°C and then thawed at room temperature (20°C) overnight the day before testing. They were inspected carefully and radiographed anteroposteriorly and laterally to exclude fractures, osteoporosis, deformities, and any metastatic disease. The paraspinal musculature was denuded, with care taken to preserve the joint capsules, supra-and interspinous ligaments, ligamenta flava, and discs. Each spine was potted proximally at L-1 and distally at L-5 (for L1-5 specimens) or S-1 (for L1-S1 specimens) in customized gripping fixtures using a denture base resin. Before potting, industrial drywall screws were placed in the end of the upper and lower vertebrae of each specimen in a multiplanar fashion to provide anchorage in the potting material. Half of the caudal and cranial vertebral body was embedded, leaving the discs and facet joints free of embedding and accessible for the application of instrumentation.
testing protocol
Once potted, the spines were mounted vertically in a commercial spine simulator, MTS 858 mini-bionix II (MTS), a servohydraulic biaxial test frame that could provide force and position control in 6 degrees of freedom: flexion/extension, left/right lateral bending, and left/right torsion (Fig. 1) . Axial compressive preload was not applied when testing, and the moment for each testing direction was selected as 8.0 Nm at a loading rate of 1°/second. Angle displacement of the vertebral bodies during testing was tracked by an Optotrak Certus (NDI, Inc.) motion analysis system, which used infrared light-emitting diode markers, rigidly attached to each vertebral body. An inline personal computer calculated positional changes, measuring displacement with an accuracy of 0.1° in all planes. Each mode of loading was applied to the specimen 3 times and only the data obtained for the third time were recorded so as to stabilize the viscoelastic effect. Between testing modes, there was a 60-second unloaded recovery period to reduce the effect of testing order on the specimen responses. During testing, specimens were kept moist by periodic sprays of 0.9% saline solution.
Each specimen was first tested intact and then left facetectomies of L3-4 and L4-5 were performed to establish an unstable condition. Three instrumentation systems yielded 6 kinds of testing orders. To minimize the variance of biomechanical performance induced by different testing orders, as previous studies did, 24, 25 the following testing order of each instrumentation system (UPS, UPS-FS, and BPS; Fig. 2 ) was generated by a series of random numbers (Table 1 ). In our test, polyaxial pedicle screws (DePuy Spine), 6.0 mm in diameter and 45 mm in length, were used at the L3-5 level and connected by 5.5-mmdiameter rods. The translaminar facet screw (TLFS) was a 4.5-mm diameter, 45-mm-long cannulated screw (Synthes) and was inserted using the Magerl technique.
data collection and analysis
For the implanted levels, both the range of motion (ROM) and neutral zone (NZ) of the techniques were measured. The ROM was defined as the angular excursion in all directions at maximum load; the NZ was defined as the difference at zero load between the angular positions in all directions of the loading and unloading phases. 19, 24 Statistical analysis was performed using SPSS (version 19.0 for Windows, SPSS Inc.). For the ROM and NZ data, single-factor ANOVA with repeated measures was per- formed. Tukey's post hoc test was used to compare different instrumentation configurations. Normalization to the intact spine was performed using the following formula: mean ROM of certain instrumented condition/the counterpart of the intact situation × 100%. Statistical significance was set at a probability value less than 0.05.
results
ROMs and NZs in each loading mode for each specimen were recorded and compared with the intact state (Tables 2 and 3 , Fig. 3 ).
Flexion-extension
All instrumentation techniques significantly reduced the ROM of the L3-5 segment compared with the intact state (12.52° ± 2.80°; p < 0.05) in flexion-extension. The UPS (7.15° ± 1.19°), UPSFS (4.46° ± 1.77°), and BPS (3.65° ± 1.41°) fixation decreased the ROM (12.52° ± 2.80°) by 42.9%, 64.4%, and 70.8%, respectively. The UPSFS and BPS groups also decreased the ROM significantly (p < 0.05) compared with the UPS group, while no significant difference existed between the UPSFS and BPS groups. Regarding the NZ in flexion-extension, UPS (2.04° ± 0.77°), UPSFS (0.98° ± 0.72°), and BPS (0.61° ± 0.78°) fixation significantly reduced by 41.0%, 71.7%, and 82.4% (p < 0.05), respectively, compared with the intact spine (3.46° ± 1.51°).
lateral bending
A similar trend was observed in lateral bending as was noted in flexion-extension. All fixation modes decreased the ROM of the L3-5 segment significantly compared with the intact state (15.58° ± 3.94°; p < 0.05). The UPS (9.80° ± 2.03°), UPSFS (6.40° ± 2.86°), and BPS (2.94° ± 1.85°) decreased the ROM by 37.1%, 58.9%, and 81.1%, respectively. The UPSFS and BPS groups also decreased the ROM significantly compared with the UPS group (p < 0.05), and there was also a significant difference between the UPSFS and BPS techniques (p < 0.05). Regarding the NZ data, the UPS (1.50° ± 1.10°), UPSFS (0.94° ± 0.62°), and BPS (0.31° ± 0.37°) fixation techniques reduced significantly by 31.5%, 57.1%, and 85.8% (p < 0.05) in lateral bending, respectively, compared with the intact spine (2.19° ± 0.88°).
axial torsion
The UPS (4.41° ± 1.06°), UPSFS (3.78° ± 1.45°), and BPS (3.07° ± 1.33°) techniques decreased the ROM in axial torsion by 10.5%, 23.3%, and 37.7%, respectively, and only the BPS exhibited a significant difference compared with the intact state (4.93° ± 1.12°; p < 0.05). Only the BPS group decreased the ROM significantly compared with the UPS group (p < 0.05). There was no significant difference between the UPSFS and BPS groups. For the NZ data, the UPS (0.54° ± 0.23°) and UPSFS (0.50° ± 0.32°) techniques nonsignificantly (p > 0.05) reduced the NZ by 20.6% and 26.5%, respectively, and the BPS (0.33° ± 0.30°) technique reduced the NZ by 51.5%, a significant difference (p < 0.05) compared with the intact spine (0.68° ± 0.15°).
discussion
Various posterior fixation techniques have been applied in lumbar spinal disorders, aiming to establish a mechanically stable environment to promote the formation of a fusion mass. Recently, a new instrumentation type, UPSFS, has gradually attracted the attention of spine surgeons, for its reduced invasiveness and adequate fixation strength. In an in vitro study, Slucky et al. 25 tested 7 fresh-frozen human cadaveric specimens using ± 5.0-Nm torques and 50-N axial compressive loads. They found that no measurable differences in terms of the stiffness or ROM between BPSs and UPSFSs were observed during flexion-extension, lateral bending, and axial rotation after transforaminal lumbar interbody fusion. In another biomechanical study, Sethi et al. 24 tested 7 fresh human lumbar spines (L2-5) by applying pure moments of ± 8 Nm, with no compressive preload, and found that UPSFS fixation was able to achieve more reduction in ROM compared with UPS fixation and was comparable to BPS fixation in flexion-extension, lateral bending, and axial torsion. However, both of these studies only focused on single-level lumbar spinal fusion (L3-4), and whether UPSFS fixation could be extended to 2-level or even multilevel conditions remains unclear. Therefore, we performed the current study to investigate the biomechanics of this technique in 2-level lumbar spinal modes.
In our study, the situation differs from the single-level condition. Among all these 3 fixation techniques, UPS remains the least stable, but UPSFS is no more equivalent to BPS as the ROM of UPSFS is higher than BPS in lateral bending. This is evidenced by another study in which Fan et al. 7 demonstrated that the mechanical performance of 2-level bilateral TLFS fixation was significantly inferior to that of the BPS in lateral bending because the locked facets eliminated rotations in flexion-extension and axial rotation, but were less effective in lateral bending. Actually, the UPSFS technique in our study is composed of 2 parts, the UPS and the contralateral TLFS. The addition of the TLFS to the UPS confers to it intermediate stability, superior to the UPS and inferior to the BPS in stability. However, this is different from what Gong et al. 11 demonstrated in a finite element model, in which they revealed that UPSFS fixation was superior to either UPS or BPS fixation in improving stability and reducing stress biomechanically. The reason for this discrepancy might be explained by the variances of these two study methods. Although these two are both in vitro studies, cadaveric study might be more close to the in vivo condition than the finite element model. UPS has gradually been favored by some surgeons in recent years as it could reduce the extent of tissue injury and allow for less surgical time and blood loss, less postoperative pain, and early recovery and rehabilitation of the patient. 3, 4, 17, 18 However, previous studies have revealed that the unilateral technique might not have sufficient stability and would lead to considerable off-axis rotational motion. 10, 12 Additionally, UPS may result in increased rates of cage migration and scoliosis. 1, 6, 13 In the current study, compared with the intact spine, UPS is more stable in flexion-extension and lateral bending, and as stable in axial torsion. Contrary to the study by Harris et al. 12 but consistent with the studies by Slucky et al. 25 and Sethi et al., 24 the off-axis movement never occurred. In the study by Harris et al., they used elderly specimens (average age 81 years) with age-appropriate osteoporosis and the transforaminal lumbar interbody fusion procedure had a severe impact on rotational stability; none of the stabilization methods were able to restore stability under axial rotation loads. In our study and the other two studies, younger cadavers who had better bone quality were used. In addition, the contralateral facet joints were preserved, which theoretically might also be involved in eliminating the off-axis movement. However, like the conditions in 1-level lumbar spine disorders, UPS remains the least biomechanically stable, which reminds us that the clinical application of UPS in 2-level lumbar spinal disorders should be prudently selected.
The UPSFS technique provides intermediate stability. As a part of UPSFS, the TLFS, first used by Magerl in 1984, 21 is inserted from the base of the spinous process, then traverses the contralateral lamina and facet joint, and ends at the base of the transverse process, thereby stiffening and immobilizing the spinal segments. Apparently, the stability of UPSFS is imparted by both the UPS and the contralateral TLFS, which is comparable to BPS, considered the "gold standard" in flexion-extension and axial torsion, but is inferior in lateral bending. However, as the main movements of the lumbar spine are flexionextension and axial torsion in our daily lives, especially flexion-extension, a slight inferiority in lateral bending of UPSFS fixation is not believed to affect the entire stability. UPSFS could afford adequate stability in 2-level lumbar spinal disorders for most patients, except in some special groups who greatly rely on lateral bending of the spine, such as dancers and athletes. More importantly, the TLFS of UPSFS could be inserted in the same approach as the pedicle screws 20 or could be inserted using a percutaneous method 14, 16, 28 in clinical practice, which could reduce the soft-tissue dissections and allow for less surgical time, blood loss, and implant cost.
There are several drawbacks in the current study. First, this was an in vitro spinal biomechanical test, which has inherent limitations, such as exclusions of the effect of muscles, weight of the torso above the instrumented level, and complex movements occurring in vivo. The discs were kept intact and the cage-applied fusions were not performed, as the cage-related factors such as cage sizes and positions would additionally influence the stability of spinal motion segments. Although our method may not ideally represent the most common clinical scenario, it can make the comparisons between fixation techniques more direct and unaffected by other factors. The clinical implication is that we can make a better decision regarding fusion technique selection, based on the strength of each fixation type. Second, all the tests were performed under pure moment loading without any compressive preload, as the quality of the data was similar with and without the application of a compressive preload. Thus, for the scope of this study, which was a comparative evaluation of different instrumentation techniques, only pure moments were applied. In addition, the current study only addresses the immediate stability of different techniques; therefore, the long-term effect on the spinal segments needs to be further investigated. Lastly, we were unable to analyze the changes at adjacent segments secondary to instrumentation because of the lack of segmental data for other motion segments. As the UPSFSs are supposed to be less rigid and reduce the possibility of adjacent-segment degeneration, it is of great importance to explore the effects of different techniques on adjacent segments in future studies.
conclusions
Among all these fixation techniques, BPS stabilization offers the highest stability, UPSFS shows intermediate stability, and UPS is the least stable for 2-level lumbar spinal disorders. UPSFS appears to be able to offer a less invasive choice than BPS in well-selected patients with 2-level lumbar spinal disorders.
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